We study the steady free convective flow of a Bingham fluid in a porous channel 1 where heat is supplied by both differential heating of the sidewalls and by means of a uniform 
Governing Equations

51
In the present paper we shall adopt Pascal's model (Pascal [1, 2] ) to describe how a Bingham fluid 52 flows within a homogeneous and isotropic porous medium. This is a piecewise linear relationship 53 between the fluid velocity and the applied pressure gradient and it may be expressed as follows,
where the quantity, G, denotes the threshold pressure gradient above which the fluid yields and 55 flows but below which fluid is stagnant. Here K is the permeability, µ is the plastic viscosity, p is the 56 pressure, z the vertical coordinate and w the vertical velocity. Here we assume that the plastic viscosity 57 is a constant which corresponds to a piecewise-linear stress/strain relationship, and therefore Eq. relationship between the flow and the pressure gradient and depend on the probability distribution 63 associated with the pore diameters. In the present paper we restrict ourselves solely to Pascal's 64 model; the adoption of anything more detailed will only result in small quantitative differences in 65 the solutions presented below.
66
We are concerned with free convective flows for which buoyancy also acts as a body force. and T the temperature. In the above we have assumed that the Boussinesq approximation applies 70 when writing down the buoyancy term, and have taken T c to be the reference temperature which will also be the coldest temperature experienced by the medium. The full two dimensional heat transport equation is
where C is the heat capacity, α = k pm /(ρC) pm is the thermal diffusivity and q ′′′ is the uniform rate 74 of heat generation. Both the temperature and the resulting velocity fields are independent of z and 75 are functions solely of x, the horizontal coordinate. Thus the heat transport equation reduces to the 76 ordinary differential equation,
Finally, the boundary conditions for the temperature are that 78 T = T c at x = 0, and
and where the channel itself lies in the range 0 ≤ x ≤ d.
79
The governing equations, namely Eqs. (2) and (4), and the boundary conditions, (5), may be 80 nondimensionalised using the following scalings,
where T h is the temperature of the hot surface. We obtain,
and
subject to, 84 θ = 0 at x = 0, and θ = 1 at x = 1.
In the above the external and internal Darcy-Rayleigh numbers are given by
respectively, and the Rees-Bingham number,
which may be interpreted as being a convective porous Bingham number or as a nondimensional 87 threshold gradient for the fluid.
88
We note that it is possible to reduce the set of three nondimensional parameters to two and 89 therefore it is also possible to give a comprehensive account of the present problem using any two 90 independent ratios of the three. However, this degeneracy is removed once convection becomes 
Numerical Solutions
99
The solution for θ may be written down easily:
and it is this which is used in Eq. (7). We note that, when there is no internal heating (Ra i = 0), then 101 the temperature profile is odd about x = 1 /2, and when there is no sidewall heating (Ra = 0) then the 102 temperature profile is even about x = 1 /2.
103
Later we shall see that the present system admits situations where either the whole channel is 
Ra
and are obtained by setting w = 0 into the first or third options in Eq. (7). While the present flow is a free convection flow in an infinitely long channel, it also approximates very well the flow which 112 will arise in a tall channel sufficiently far from the upper and lower boundaries, and therefore it is 113 necessary to apply a zero upward flux condition. Thus we have,
which is equivalent to,
After integration this translates into, Equations (13) to (16) to be equal to zero, noting again that x 5 = 1. For general cases these five equations were solved using 126 a standard Newton-Raphson method and therefore our solutions are essentially exact.
127
We note that when Ra is increased gradually for the parameter set shown in Figure When the heating is purely external then the system of equations for determining p z and the 143 yield surfaces may be solved analytically. We find again that p z = 1 2 Ra, and that the fluid velocity is 144 given by,
It is clear from this expression that that there is flow only when 0 ≤ Rb ≤ 
149
When the heating is purely internal then it is not possible to find an analytical expression for 
and hence x 2 = x 3 = 7 12 for the case shown in Figure 2b .
173
It is of interest to try to determine a general condition for stagnation to occur. 
In Figure 3 we see that the curve for Ra i = 20, which is a transitional case because 
The dotted line separates the regions where the temperature field has an internal maximum ( Ra i > 2) and where it has a maximum at x = 1 ( Ra i < 2). The boundary of the fully stagnant region has already been shown to be given by Eq. (24) 
respectively.
218
The other two lines in Figure 5 were obtained by suitably modified Newton-Raphson solvers and 219 some of the numerical data corresponding to the yield surfaces just on the point of attaching to x = 1 220 in Figure 4 . The middle region and the lower right hand region are distinguished by the location of 221 the right hand stagnant region; in the former case it is attached to x = 1 but is not in the latter case.
222
We can derive expressions for the two boundaries in Figure 5 that meet at Ra i = 6. The left one 223 of these corresponds to the case when the single stagnant region that is present when Ra i and Rb are 224 both relatively small evolves into a pattern for which another stagnant zone begins to form at x = 1.
225
The boundary is defined by x 3 = 1 and then combining Eq. (14) and Eq. (15) gives that x 2 = 2/ Ra i .
226
We can then determine x 1 in terms of x 2 and Rb by eliminating the pressure term between Eq. (13)
227
and Eq. (14). Finally, the flux condition Eq. (19) then simplifies so that if
then X satisfies the cubic 
(cf. Eq. (28)) then we find that Z 3 = 
is an analytical description of the boundary. It follows from this that, for small values of ( Ra i − 6), we
We can also understand the behaviour of the system for small values of Rb and illustrated in 
If we substitute these expressions into Eq. (13)- (16) 
We remark that there may appear to be a something of a contradiction here because for sufficiently 
Conclusions
284
In this short paper we have attempted to provide a comprehensive description of the properties 285 of the flow in a vertical porous channel which is subjected to both internal heating (i.e. uniform heat 
